Chronic systemic inflammation triggers alterations in the central nervous system that may relate to the underlying inflammatory component reported in neurodegenerative disorders such as multiple sclerosis and Alzheimer's disease. However, it is far from being understood whether and how peripheral inflammation contributes to induce brain inflammatory response in such illnesses. As part of the barriers that separate the blood from the brain, the choroid plexus conveys inflammatory immune signals into the brain, largely through alterations in the composition of the cerebrospinal fluid.
Background
Inflammation is implicated in the appearance and in the progression of central nervous system (CNS) diseases such as multiple sclerosis (MS) and Alzheimer's diseases (AD), although the mechanism underlying such involvement is poorly understood [1] [2] [3] [4] . It is recognized that the inflammation observed in the CNS of subjects with some of these diseases may originate in the periphery [5] [6] [7] , particularly when the inflammatory stimulus is persistent. Persistence may be due to chronic inflammation or to repeated exposure to acute inflammatory stimulus for long periods of time. Of relevance, persistent or chronic inflammatory signals result in excessive microglia activation and cause localized or disseminated tissue dysfunction and damage [8] , ultimately resulting in accentuation of brain pathology.
The blood-brain barriers, constituted by the endothelial cells of the blood capillaries (blood-brain barrier-BBB) and by the epithelial cells of the choroid plexus (CP) that separate the blood from the cerebrospinal fluid (CSF), are key players in the communication between the periphery and the brain. However, most studies published to date address the BBB interactions in response to acute peripheral stimulus or in the context of CNS diseases [9, 10] . Recently, we showed that the blood-CSF barrier is also an important mediator of acute peripheral inflammation into the CNS [11] . Of notice, this response triggers molecular pathways that are commonly viewed as both neuroprotective and deleterious for the brain. Whilst the secretion of proinflammatory cytokines into the CSF, the decreased expression of proteins that form the epithelial cells tight junctions and the increased expression of proteins that may facilitate leukocyte trafficking into the brain might be predicted to display deleterious effects, the response can be also consider protective since it modulates iron metabolism in a way that may prevent microorganism replication in the CSF and, consequently, dissemination within the brain [12, 13] . While these observations associate the CP response to acute peripheral inflammation, they raise the possibility that the CP may as well be equipped to mount a sustained response to persistent peripheral inflammatory stimuli. Importantly, scattered but relevant reports have shown that the CP may contribute to the aetiology of CNS diseases in which persistent, rather than acute inflammation, is more likely to trigger CNS disease. In MS, and in animal models of MS, the CP was proposed as the main route of leukocyte entry into the brain [14, 15] . In AD, it was proposed that the CP participates in amyloid β peptide clearance out of the brain through CSF carrier proteins (e.g. transthyretin and apolipoprotein J) [16] that bind to receptors (e.g. megalin) [17] in the apical membrane of the CP epithelial cells.
These observations prompted us to investigate, using microarray analysis, how the CP transmits immune signals into the brain in response to peripheral repetitive inflammation. We found that the CP displays a low intensity, but sustained, response to this stimulus and that the leukocyte extravasation signalling pathway as well as pathways that mediate the innate immune response to infection are the most altered both 3 and 15 days after the last LPS injection.
Results

Repeated peripheral inflammation induces alterations in the choroid plexus transcriptome
Mice were administered LPS once every 2 weeks for 3 months and were sacrificed 3 and 15 days after the last LPS injection. The first time-point for sacrifice was chosen taking into account previous reports [11] showing that 3 days after a single LPS injection few genes display an altered expression. Comparing the gene expression profile 3 days after the last LPS injection in the present protocol with that occurring 3 days after a single LPS administration, allowed us to identify the genes whose altered expression is the result of the repeated rather than single exposure to the inflammatory stimuli. Since in the present experimental protocol LPS was administered every 2 weeks for 3 months, the analysis 15 days after the last injection allowed us to evaluate if any changes occurring in the gene expression profile were sustained during repeated exposure to inflammatory stimuli.
During the duration of the experiment, the LPS dose used did not induce any statistical significant changes in the body weight, and the survival rate observed was of 100%. No cage behaviour alterations were observed throughout the experimental period. Figure 1 shows that 3 days after the last LPS injection 536 probes have an altered expression when compared to the saline injected animals. Since at the same time-point after a single LPS injection [11] , only 46 genes were found to have an altered expression, this response depends on the chronic nature of the stimuli. Moreover, a response of the CP to the continuous peripheral stimuli is still present 15 days after the last injection, with the expression of 226 genes altered. This suggests that, contrary to what is observed upon a single acute stimulus, repetitive LPS injections do not allow the CP gene expression profile to restore to its basal levels in a short period of time.
Despite the number of genes whose expression is found altered, not many display a fold change higher than 50% ( Figure 2 ). In fact, as can be observed in Figure 2a , 3 days after the last LPS injection, only 25 genes out of the 369 genes whose expression is up-regulated display a fold change ≥ 2,0. In addition, from the 167 genes whose expression is down-modulated, none shows a strong down-modulation and only 5 display a decrease as low as 1,7 fold (Figure 2a ). The fold changes are even smaller (but still statistically significant) at 15 days after the last LPS injection ( Figure 2b ); only 2 genes present a fold increase ≥ 2,0. Table 1 lists, taking into consideration the fold change, the 10 genes whose expression is most altered at 3 and 15 days after the last LPS injection.
To identify the genes whose altered expression was sustained we looked for those that had at least a 40% change, both at 3 and at 15 days after the last LPS stimulus. Only 7 up-regulated genes fulfil such criteria ( Table 2) .
Identification of altered gene pathways
We next analysed, using the Ingenuity software, the pathways to which the genes with altered expression belong. From Table 3 , it is clear that 15 days after the last LPS injection only a few genes within each biological pathway remained with altered expression. Interestingly, the signalling pathways in which a considerable number of In a previous report we characterized the kinetic gene expression profile [from 1 h up to 3 days] in response to a single LPS peripheral injection [11] . When the transcriptome of the CP at 3 days after this acute inflammatory stimulus is compared to that observed 3 days after the last injection of the repeated protocol reported here, it should be noted that: only 4 genes (rather than 12) of the acute phase response signalling pathway, 2 genes (rather than 7) encoding for chemokines, 2 genes (rather than 5) of the complement system and 3 (rather than 4) from the antigen presentation pathway are common in both responses. All other pathways, such as that involved in axonal guid- ance signalling, are only implicated when repeated stimuli are imposed, suggesting that most of these alterations are certainly associated with the chronicity of the model reported here.
Chronic inflammation alters the choroid plexus gene expression profile
Confirmation of array results by qRT-PCR on a set of relevant genes
Within each pathway, and using RNA extracted from CP pools of an independent experiment, a number of genes found up-regulated (Lcn2, Serpin3n, Saa3, Cxcl1, Gpx3 and Glycam1) were chosen for qPCR analysis; this analysis confirmed the array data. Figure 3 exemplifies the expression levels of some of these genes. Relatively to the downregulated genes although all the genes tested showed a decreased expression they did not reach statistical significance (data not shown); this could be due to the fact that all the down-regulated genes showed only a slightly decrease in the array (Figure 2 ).
Discussion and conclusion
This study shows that sustained peripheral inflammation induced by repeated administration of LPS, every 2 weeks for 3 months, causes an altered CP transcriptome, 3 and 15 days after the last LPS injection. We have previously shown that an acute LPS injection triggers a rapid and transient alteration in the CP gene expression profile, that returns almost to basal levels after 3 days. In this study, we show that facing repeated LPS stimuli the number of genes whose expression is altered in the CP, compared with the number of genes altered 3 days after an acute LPS injection, is much higher. Another important difference is that when compared the present study with the overall CP response to acute LPS it is clear that the magnitude of the fold changes is now much lower. Therefore, we can conclude that the chronicity of the inflammatory stimuli alters the dynamics of the CP response. Indeed, it seems that the repeated injection of LPS induces, in the CP, a sustained transcription of specific genes encoding for molecules already found transiently altered upon a single LPS injection. These include molecules known to participate in the host response against microorganisms, elements of the complement and chemokines.
When the overall CP response is evaluated in terms of the major biological pathways, 3 days after the last LPS administration, the CP response is mainly characterized by the increased expression of genes encoding for chemokines, molecules of the complement, and molecules involved in leukocyte extravasation signalling and in the activation of NK, T and B cells. As expected, genes belonging to signalling transduction pathways are similarly altered and are known to mediate the regulation of genes encoding for molecules such as cytokines and molecules of the complement. Of notice, it is well established that a chronic inflammation can result in the inappropriate recruitment of leukocytes and cause localized or disseminated tissue dysfunction and damage. The "leukocyte extravasation signaling" pathway seems, in fact, the most altered both at 3 and 15 days after the last LPS treatment. This includes the increased expression of genes encoding for cell adhesion molecules such as ICAM-1, glycosylation dependent cell adhesion molecule 1 (Glycam1), mucosal vascular addressin cell adhesion molecule 1 (Madcam1), junction adhesion molecule 2 (Jam2) and selectin P ligand (Selpl); chemokines that are required for trafficking of immune cells from the blood into tissues such as Xcl1, Ccl7, Cxcl1, Ccl2 and interleukins such as interleukine-16 (IL-16). Of notice, we did not find IL-16 expression influenced by acute inflammation [11] . IL-16 is a pleiotropic cytokine that is a natural ligand of CD4 [18, 19] and has been identified at sites of allergic inflammation in both the murine and the human airway epithelium [20, 21] . This cytokine is known as a chemoattractant for CD4 + T cells, monocytes, eosinophils and dendritic cells, with preferential chemoattractant activity for the CD4 + Th1 subset [22] [23] [24] . Despite the increased expression of genes encoding for molecules that participate in leukocyte recruitment, no changes were observed in the expression levels of genes that encode tight junction proteins, neither an increase in the number of cells was observed in the CSF Table 2 : Genes whose expression is at least 40% up-regulated both at 3 and 15 days after the last LPS injection. or gross morphological changes in the CP (data not shown). It is therefore important to further understand whether the repeated exposure to peripheral inflammation ultimately results in the entry of immune cells into the brain, or whether additional conditions are necessary for such to occur.
Genes altered 3 and 15 days after last LPS injection
Another interesting finding is the effect of repeated exposure to LPS in the expression of genes that encode for proteins involved in axonal guidance. This suggests that the chronicity of the stimulus can induce alterations in the normal neuronal morphology and neuronal plasticity. One of such molecules whose gene expression is decreased is the slit homolog 2 (Slit2). Interestingly SLIT, a secreted protein known for its role of repulsion in axon guidance and neuronal migration [25, 26] , can also inhibit leukocyte chemotaxis induced by chemotactic factors [26] . In addition to Slit2, the expression of the gene encoding for the RGM domain family member A (Rgma) is decreased in the CP after sustained inflammation. RGMa is suggested to inhibit axon growth and synapse formation [27] . In normal brains, RGMa expression is detected on the perikarya of some neurons, CP, smooth muscle, endothelial cells, oligodendrocytes, and myelinated white matter fibers [28] . Interestingly, and probably also with impact on the brain parenchyma, is the altered expression of the gene encoding for secretin which is increased at both time points analysed, and one of the most altered 15 days after the last LPS injection. The secretin gene is known to be expressed in several developing brain regions namely by the CP [29] . The up regulation of its expression may be protective for the brain parenchyma in response to LPS since secretin deficient mice display impaired synaptic plasticity in the CA1 area of the hippocampus [30] and given the neuroprotective role secretin exerts on neuronal progenitor cells against ethanol-mediated neurotoxicity [31] . While some proteins secreted into the CSF may exert a function in the brain parenchyma, others may influence the CP in itself. Among these is glutathione peroxidase 3. By participating in the detoxification of reactive oxygen spices, which are formed during an inflammatory response, the increased expression of this antioxidant defence enzyme [32] can be protective to the CP epithelial cells.
Further comparison between the gene expression profiles after exposure to a single or to repeated LPS injections, shows that in chronicity the fold change is considerably smaller. However, it should be noted that the expression of some CP genes seems solely altered after the repeated stimulation. Among these are genes encoding for proteins of the S100 family. The S100 family of calcium-binding proteins comprises a new group of pro-inflammatory molecules that has been discussed in the context of MS qRT-PCR analysis of the expression of selected genes 
Gene of interest/Hprt ratio * * * * * * * * * * [33] and of AD [34] . Here we show increased levels of S100a8 and S100a9. Another molecule exclusively induced during the chronic treatment is the macrophage scavenger receptor 2 (Msr2). Scavenger receptors (SRs), initially described on macrophages as high-affinity receptors for acetylated low-density lipoproteins, comprise several receptor classes [35, 36] and are expressed in various cell types. SRs have a role in the binding and internalization of many unrelated ligands, such as fibrillar β-amyloid, lipids, glycated collagen and apoptotic cells and, therefore, are important for tissue homeostasis. The upregulated expression of this gene could indicate a protective role of the CP in the progression of diseases such as AD. As referred above, clearance of amyloid β peptide out of the brain is reported to occur through the megalin and low-density lipoprotein receptor-related protein receptors that are SRs [37] .
The CP is composed of a vascularized stroma surrounded by a tight layer of epithelial cells that are responsible for producing most of the CSF. Therefore any alteration in the CP gene expression profile may influence the CSF composition, which may then be transmitted to the brain parenchyma. While many of the genes whose expression we found altered in the present study are expressed in the CP epithelial cells [11, 12] , we cannot exclude the contribution of other cells of the CP stroma, such as endothelial cells and macrophages in the observed response.
In summary, we describe here that the CP displays a sustained response to a repeated inflammatory stimulus induced in the periphery. Importantly, this response seems to share some mechanisms previously described for the BBB, which include the activation of adhesion and chemoattraction signals in endothelial cells in CNS diseases such as MS [9, 38] . Therefore, both the blood-CSF barrier and the BBB seem equipped to convey signals to the brain parenchyma in response to both acute and chronic inflammation. Future studies should further investigate the role of the CP response in the context of CNS disorders. 
Methods
Animals and LPS injection
Microarray experimental design and data analysis
Total RNA was isolated using Trizol reagent (Invitrogen, Calrsbad, CA, USA). Total RNA quality was assessed using the Agilent Bioanalyzer (Santa Clara, CA, USA). After quality assessment, 100 ng of total RNA from 3 control pools and 3 LPS pools, for each time point, were amplified and labelled with Illumina TotalPrep RNA Amplification Kit according to manufacturer instructions. Each pool was composed of CP collected from 3 animals. The labelled cRNA was then hybridized using Illumina recommended protocol in a total of two Illumina Wholegenome Mouseref-8 expression Beadchips (San Diego, CA, USA). This mouse beadchip contains eight arrays, each comprising a total of 24,000 well-annotated RefSeq transcripts.
After scanning, raw data from BeadStudio software (San Diego, CA, USA) was read into R/Bioconductor. Quality control using inter-array Pearson correlation and clustering based on variance allowed us to ensure that there was reproducibility between the replicates (data not shown). Data was normalized using quantile normalization. A linear model was applied to the normalized data using Limma package in R/Bioconductor [39] . The CP transcriptome of the LPS injected animals was analysed and compared with that of control animals. A contrast analysis was applied and differentially expressed genes were selected using a Bayesian approach with a false discovery rate (FDR) of 5%. The differentially expressed genes were categorized using Gene Ontology from Biomart http:// www.biomart.org/ or Ingenuity tools (Redwood City, CA, USA). Enrichment analysis was performed using the DAVID http://david.niaid.nih.gov/david/ease.htm and the Ingenuity software's.
Gene expression measurements by qRT-PCR
500 ng of total RNA, isolated as described above, were amplified using a SuperScript RNA Amplification System (Invitrogen) according to the manufacturer's instructions.
